Abstract. The rotor position control is the core issue of the active magnetic bearing (AMB) control. Aiming to the rotor position control during the rotor spinning launching period, this paper presents a nonlinear control approach based on the feed-back linearization technique. Theoretical derivation and simulation results are provided to illustrate the feasibility of this approach. The work in this paper may provide new thought of the vertical rotor position control problem.
Introduction
Active Magnetic Bearing (AMB) has been widely studied since the mid-1970s [1] and industrial applied since the 1990s. Currently, it has been widely used in the fields of high-precision machine manufacturing, medical instruments, turbines, and flywheel energy storage [2] . The core problem of AMB control is the rotor position control. Because of the nonlinearity of the rotor dynamics, many researchers have concentrated on the nonlinear control of the AMB rotor position control. Mohamed et al. [3] developed a nonlinear bifurcation control method to stabilize the oscillations in AMB. Levine et al. [4] designed a control approach based on the flatness property to control the position of a magnetic shaft. Smith et al. [5] formulated the control law through the feedback linearization and sliding mode techniques. Chen et al. [6] presented a robust nonsingular terminal sliding-mode control for the rotor position in the axial direction of a nonlinear thrust AMB system. Lou et al. [7] combined the adaptive control and sliding mode control techniques to control a single degree of freedom AMB.
All the above researchers have obtained many achievements. However, most of them were aiming to high-speed horizontal rotors, and the spinning speeds were often around 10 5 r/min. Researches on low-speed or vertical rotors are rather limited. The low-speed vertical rotor, as indicated in the literature [8] , the low-speed vertical rotor has more complicated dynamic characteristics and stronger nonlinearity. Therefore, it is necessary to analyze a position control approach for low-speed vertical AMB rotor.
In this paper, the authors propose a nonlinear control approach of the rotor position to the bottom-fixed vertical rotor based on the feedback linearization theory [11] . In this paper, the authors first establishes the mathematical model of the vertical rotor, then analyzes the feasibility of feasibility of feedback linearization, next design the controller, and finally verify the control algorithm via simulation.
Position Control Algorithm Based on Gyroscope Effect and Its Limitation Mathematical Model of the Vertical Rotor
A sketch of the vertical rotor we discuss is illustrated in Fig.1 . We suppose that the rotor is rotational symmetry. The bottom of the rotor is fixed at point O, which makes the rotor can only rotate around O without any translational motion. α and β represent the angles that the rotor rotates about axis OX and OY separately. 
and the output equation is
where ‫ݔ‬ ଵ = ‫ݔ,ߙ‬ ଶ = ߚ, ‫ݔ‬ ଷ = ߙሶ , ‫ݔ‬ ସ = ߚ ሶ , ‫ݔ‬ ହ = ߱ , P=mg; c is the height of the centroid O c ; J xy is the rotational inertia about the axis OX/OY; J z is the rotational inertia about the axis of the rotor; k f is the damping factor of the rotor spinning; u 1 and u 2 are the control input of X and Y directions separately, and u 3 is the control input of the rotor spinning.
It can be illustrated from Equ.(1) that the bottom-fixed rotor can be described as a 5-order differential equation. In the authors' previous work [9, 10] , as the angular displacements, i.e. α and β, does not influence the rotation speed dynamic, the state equation of x 5 is omitted and ω c is treated as a constant. Therefore, Equ.(1) will reduce to a 4-order differential equation, as shown in Equ.(2) in [10] . This treatment is acceptable when the rotational speed is high enough (i.e. the rotor spinning is in the steady state or quasi-steady state). However, when considering the launching process of the rotor, the spinning speed cannot be treated as a constant. Therefore, we have to consider the dynamic of the spinning speed and the angular displacements together, i.e. Equ. (1) .
Equ. (1) and (2) can be rewritten in compact form as follows: 
is the mathematical model of the vertical rotor position control system.
Limitation of the Position Control Algorithm Based on Gyroscope Effect
Obviously, an equilibrium point of Equ. The position control algorithm based on the gyroscope effect is as follows [9] :
where C, K are the control parameters. There does not exist solution of C, K as long as the rotor parameters satisfy ‫ܬ‬ ௭ ଶ ߱ ୱ ଶ < ‫ܬܿܲ4‬ ௫௬ , i.e. the rotor is at a low spinning speed. A detailed derivation is in [9] .
However, during the launching process of the rotor, there has to exist a time period that the spinning speed is lower than the critical value. If the spinning acceleration is fast, and the rotation turns into the steady state in a short time, the launching process will influence the rotor position quite slightly, as shown in Fig.2(a) . On the contrary, if the spinning acceleration is slow, the position control will be affected more serious, and the angular displacement during the launching period may become quite large, as shown in Fig.2Figure 2(b) . In the actual situation, however, this large overshoot is impossible as the rotors are usually restricted by protection devices (such as protection bearing). Therefore, the rotor may collide with the protection bearing and lead to noises and damages. This will finally reduce the lifetime of the AMB system. 
Rotor Position Control Based on Feedback Linearization

Validation of the Feedback Linearization
Equ.(3) can be written as
where
Then, the Lie derivatives of ℎ ଵ () about the output vector are
where , i i means the inner product. The Lie derivative of ℎ ଵ () about () is Therefore, the relative order of ℎ ଵ () is ‫ݎ‬ ଵ = 2. Similarly, the Lie derivatives of ℎ ଶ () about the output vector are
The Lie derivatives of ℎ ଷ () about the output vector are
Therefore, the relative order of ℎ ଷ () is ‫ݎ‬ ଷ = 1.
The general relative order is ‫ݎ‬ ଵ + ‫ݎ‬ ଶ + ‫ݎ‬ ଷ = 5, equaling to the order of the rotor system, which means that Equ. (1) can be linearized through states feedback.
Control Approach Based on Feedback Linearization
The detailed linearizing process is illustrated as follows:
1. Considering the following coordinate transformation ‫ݖ‬ = (): 
The feedback input is 
where ‫ݖ‬ ହୱ = ߱ ୱ is the steady angular speed of the rotor. Then substitute Equ. (11) and (12) into Equ. (8) to obtain the original input u .
Simulation
We use the rotor parameters in Table 1 to simulate the control effect of the feedback linearization approach. The initial angular displacements are α=5°and β=-2°, i.e. the total angular displacement is about 5.4°, then the simulation results are illustrated in Fig.3 . Fig.3 (a) shows the rotor position control result when the rotating acceleration is fast, while Fig.3  (b) shows that the result when the acceleration is slow. Comparing Fig.3 with Fig.2 , it is obvious that the position control result of the feedback linearization will not be affected by the rotor acceleration process.
Summary
The gyroscope effect rotor position control algorithm has the disadvantage of positioning failure under low spinning speed. The feedback linearization method is able to decouple the rotation and positioning dynamically and solve the problem of the position control during the rotor launching. Therefore, this paper presented the feedback linearization method according to the nonlinear characteristics of the rotor. Theoretic and simulation research validated the feasibility and good performance of the control method. This method provides new thought of the vertical rotor position control problem. 
